A primary barrier to the success of T cell-recruiting bispecific antibodies in the treatment of solid tumors is the lack of tumor-specific targets, resulting in on-target off-tumor adverse effects from T cell autoreactivity to targetexpressing organs. To overcome this, we developed an anti-HER2/CD3 T cell-dependent bispecific (TDB) antibody that selectively targets HER2-overexpressing tumor cells with high potency, while sparing cells that express low amounts of HER2 found in normal human tissues. Selectivity is based on the avidity of two low-affinity anti-HER2 Fab arms to high target density on HER2-overexpressing cells. The increased selectivity to HER2-overexpressing cells is expected to mitigate the risk of adverse effects and increase the therapeutic index. Results included in this manuscript not only support the clinical development of anti-HER2/CD3 1Fab-immunoglobulin G TDB but also introduce a potentially widely applicable strategy for other T cell-directed therapies. The potential of this discovery has broad applications to further enable consideration of solid tumor targets that were previously limited by on-target, but off-tumor, autoimmunity.
INTRODUCTION
Early clinical results using T cell-retargeting approaches for treatment of hematological malignancies have generated broad excitement. Clinical trials using T cells engineered to recognize CD19 on B cells have shown extraordinarily high (70 to 90%) response rates and durability of response in acute and chronic leukemia (1) (2) (3) (4) . Early clinical data with B cell maturation antigen (BCMA)-targeting chimeric antigen receptor (CAR) T cell therapy in multiple myeloma cells further illustrate the transformative potential of T cell redirection: 95% of the patients reached complete response (CR) or near CR status without a single event of relapse in a median follow-up of 6 months, with an encouraging safety profile (5) . The first-generation CD3/CD19 bispecific T cell-redirecting antibody fragment blinatumomab has demonstrated impressive clinical potency, inducing partial and complete tumor regressions at a 0.015-mg dose (6, 7) . Blinatumomab is indicated for the treatment of relapsed or refractory B cell precursor acute lymphoblastic leukemia and pioneers the way for clinical development of full-length immunoglobulin G (IgG)-based CD3 bispecific antibodies with serum half-life improvement (8, 9) . Although clinical proof of concept for T cell retargeting has been established in hematological malignancies and such modalities have the potential to revolutionize cancer therapy in these diseases, demonstration of clear clinical efficacy in solid tumors is still lacking. Several aspects contribute to the success of T cell retargeting in hematological malignancies, particularly the availability of lineage-specific targets such as CD19 and CD20 (10, 11) in B cell malignancies, as well as FcRH5 and BCMA in multiple myeloma (12, 13) . These targets are homogeneously expressed in cancer cells with high prevalence. Depletion of normal B and plasma cells, the only normal cells that express these targets, can be tolerated.
Redirecting T cell activity to eradicate solid tumors is substantially more challenging. T cell trafficking and access to the tumor may be limited, and the number of T cells in the tumor may restrict the therapeutic potential (14) . Similarly, the solid tumor environment may pose structural barriers for distribution and penetration of therapeutic antibodies to the tumor (15, 16) . A dominant immunosuppressive tumor microenvironment (17) may limit the effectiveness of T cell retargeting in solid tumors. Multiple immune cell types (such as regulatory T cells, myeloid-derived suppressor cells, macrophages, and fibroblasts) and tumor cells may contribute to the generation of T cell hostile environment, for example, by providing co-inhibitory signals such as programmed death ligand 1 (PD-L1) or by secreting soluble molecules [including indoleamine 2,3-dioxygenase (IDO) and transforming growth factor- (TGF)] that may attenuate T cell activity. Additional hurdles for solid tumor targeting are paucity of costimulatory signals, heterogeneous target expression in tumors, and, often, suboptimal prevalence of target expression in any given tumor type.
However, the primary barrier to successful treatment of solid tumors with T cell-retargeting therapeutics is the lack of tumor-restricted antigens. This results in on-target off-tumor adverse effects caused by T cell reactivity to organs expressing the antigen. Clinical on-target toxicity has been reported widely for engineered T cell approaches targeting solid tumors. Carcinoembryonic antigen-targeting T cells induced severe inflammatory colitis (18) . Melanoma antigen gp100-targeting T cells caused adverse effects in all melanocyte-containing tissues (skin, ears, and eyes), resulting in rash, hearing loss, and uveitis (19) . MAGE-A3-targeting T cell cross-reactivity to a peptide derived from the muscle protein titin, expressed in cardiomyocytes, and resulted in fatal toxicity against cardiac tissue (20) . Epidermal growth factor receptor (EGFR)/CD3 bispecific T cell engager (BiTE) molecule induced severe toxicities in preclinical safety studies (21) . Damage of EGFR-expressing tissues was detected with doses as low as 31 g/kg per day. Diarrhea detected in patients treated with epithelial cellular adhesion molecule (EpCAM)/CD3 BiTE may be accounted for by the high expression of the target in the gastrointestinal tract (22) .
We have previously generated an anti-HER2/CD3 T cell-dependent bispecific (TDB) antibody that efficiently eradicates HER2-amplified tumors in preclinical models (23) . Anti-HER2/CD3 TDB redirects T cells to kill HER2-expressing cells. A very low receptor occupancy is sufficient for anti-HER2/CD3-mediated T cell triggering. We have established a clear positive preclinical therapeutic index for anti-HER2/CD3 TDB based on higher potency against HER2-amplified/ overexpressing cells. However, the anti-HER2/CD3 TDB can also elicit T cell responses against normal tissues that express low amounts of HER2 if administered at sufficiently high doses. HER2 is expressed in low amounts in a wide variety of vitally important normal tissues, and therefore, tolerability is a potential concern for HER2-targeting T cell therapies. HER2-targeting therapeutics with similar mechanisms of action (CD3 bispecifics and CAR T cells) tested in clinical trials have demonstrated dose-limiting toxicities at alarmingly low doses (24, 25) .
The goal of this study was to develop an anti-HER2/CD3 TDB that would further increase the selectivity and target the HER2-amplified tumor cells with high potency, while sparing cells that express low amounts of HER2 similar to normal human tissues. Increased selectivity against HER2-amplified cells is expected to mitigate the risk of on-target offtumor adverse effects and increase the therapeutic index of anti-HER2/CD3 TDB.
RESULTS

HER2 affinity of the anti-HER2/CD3
TDB has a direct effect on killing activity, but not on selectivity against HER2-overexpressing cells Previously, we have shown that the anti-HER2/CD3 IgG TDB (4D5 IgG TDB) not only has robust activity in HER2-overexpressing breast cancer models in vitro and in vivo but also retains low activity against cell lines expressing low amounts of HER2 similar to normal HER2-positive human epithelial cells (23) . The goal of this work was to increase the selectivity of 4D5 IgG TDB to HER2-overexpressing cells to minimize the risk of on-target off-tumor activity and thereby increase the therapeutic index of the HER2-targeting TDB. Initially, we tested whether lowering the affinity to HER2 provided selectivity of the TDB to HER2-overexpressing cells and generated multiple variants of the anti-HER2 4D5 with monovalent affinities ranging from K D 0.3 to 353 nM (Fig. 1A) . In the case of all variants, the main driver for the reduced affinity was an increase in dissociation rate constant (K d ), whereas the association rate constant (K a ) remained relatively unaltered.
To test primary selectivity, we selected SKBR3 and MCF7 as model cell lines. SKBR3 is a HER2-overexpressing breast cancer cell line, and MCF7 is a breast cancer cell line expressing a low amount of HER2 (Fig. 1B) , similar to noncancerous cells such as cultured cardiomyocytes (23) . Cell membrane HER2 copy number in SKBR3 and MCF7 has been previously reported to be 2 million and 15,000, respectively (26) . Lowering the affinity of HER2 binding by previously described hu4D5 variants (27) gradually reduced the cytotoxic activity of the anti-HER2/CD3 IgG TDB on both cell lines (Fig. 1C) . Killing activity was practically abolished with TDBs having an anti-HER2 affinity of K D 49 nM or lower. A similar activity decrease was seen in both SKBR3 and MCF7 cells, indicating that the anti-HER2 affinity plays a key role for the activity of the anti-HER2/ CD3 TDB but does not provide a strategy to selectively target HER2-overexpressing cells.
Bivalent low-affinity binding to HER2 results in TDBs that are selective for HER2-overexpressing cells We hypothesized that the lack of binding and cell killing by the low-affinity TDBs could be rescued by bivalent HER2 engagement, or avidity. Because avidity-mediated binding depends on the receptor density, we speculated that it may provide a strategy to distinguish between cells that overexpress HER2 and cells with low expression of HER2. We designed TDB molecules with bivalent HER2 binding and monovalent CD3 binding by a genetic fusion of an anti-HER2 Fab to the N terminus of the hu4D5.knob heavy chain (1Fab-IgG; Fig. 2A ) (28) . The affinity of monovalent CD3 arm was 70.7 nM for human CD3 (fig. S1A ). The same CD3 arm was used in all tested 1Fab-IgG TDB and IgG TDB constructs. The molecules were tested for their cell binding (Fig. 2B and fig. S1B ) and their ability to mediate apoptosis and killing of SKBR3 and MCF7 cells (Fig. 2, C and D, and fig.  S1C ). 1Fab-IgG TDBs bivalent for HER2 were compared to the 4D5-wild-type (WT) IgG TDB with the trastuzumab-based HER2 arm (monovalent high-affinity HER2 binding) and identical CD3 arm. 1Fab-IgG TDBs that were made using anti-HER2 affinity variants with monovalent Fab affinity of K D 0.32 to 49 nM demonstrated similar binding to SKBR3 cells compared to the 4D5-WT IgG TDB (Fig. 2B) To understand the contribution of bivalent HER2 engagement, or avidity, to cell-based affinity in greater detail, we determined the apparent affinities of the 4D5-WT 1Fab-IgG TDB and 4D5-H91A 1Fab-IgG TDB molecules to SKBR3, MCF7, and cells transfected to express cynomolgus monkey (cyno) HER2 at a copy number comparable to MCF7 ( fig. S2 ). Despite the 164-fold difference between 4D5 and the affinity-attenuated 4D5-H91A variant as monovalent Fab (Fig. 1A) , the cell-based binding affinities of the 1Fab-IgG molecules to SKBR3 cells were comparable, as determined by either direct cell binding or competition binding assays ( fig. S2A ). Apparent affinity of 4D5-H91A 1Fab-IgG TDB for HER2 expressed on SKBR3 cells was in the range of 1.5 to 5 nM, which is ~10-fold higher compared to its monovalent Fab affinity measured by Biacore. This result suggests that the low monovalent Fab affinity can be compensated by avidity that is mediated by bivalent binding to HER2 in a cellular context. In contrast, 4D5-H91A 1Fab-IgG TDBs demonstrate only low apparent affinity to MCF7 or cyno HER2-expressing cells (K D value of > 100 nM for both in direct cell binding), suggesting that the lower HER2 copy number on these cells is not sufficient for bivalent HER2 engagement.
Trastuzumab interferes with constitutive ligand-independent phosphatidylinositol 3-kinase (PI3K) signaling in HER2-overexpressing cells, causing inhibition of PI3K pathway activity and downstream cell proliferation (29, 30) . This direct effect on tumor cells may also be important in clinical activity of trastuzumab-based antibody-drug conjugate ado-trastuzumab emtansine (31) . Anti-HER2/CD3 IgG TDB does not inhibit the proliferation of HER2-overexpressing cells due to monovalent binding (23) . Treatment with anti-HER2/CD3 1Fab-IgG TDB (bivalent for HER2) resulted in transient reduction of phosphorylated AKT, without detectable effect on HER3 phosphorylation ( fig. S3 ) or substantial effect on proliferation/viability of SKBR3 cells, demonstrating that T cellindependent antisignaling effect of trastuzumab is attenuated in 1Fab-IgG TDB with bivalent low affinity binding to HER2.
These results suggest that TDB selectivity toward HER2-overexpressing cells can be engineered by leveraging avidity and incorporating two low-affinity anti-HER2 binding sites. The narrow window for optimal affinity of the individual anti-HER2 binding sites ranges from K D ~20 to 50 nM because anti-HER2 variants with higher affinity did not improve selectivity, and variants with lower affinity compromised the potency of the TDB.
1Fab-IgG format improves the in vitro selectivity for HER2-overexpressing cells more than 1000-fold
The 4D5-H91A 1Fab-IgG TDB variant was selected to further study the in vitro activity (Fig. 3) . A dose-response study demonstrated that 4D5-H91A 1Fab-IgG TDB activity on SKBR3 cells was almost identical compared to that of the highaffinity 4D5-WT IgG TDB [EC 50 (median effective concentration), 6.9 and 6.3 pM, respectively; Fig 3A) . In contrast to IgG TDB, no activity was seen against MCF7 cells at any doses. Selectivity studies were extended to include cell lines with a wide range of HER2 expression. The expression of HER2 RNA was determined in a panel of 90 breast cancer cell lines (32) , and cell lines were arbitrarily categorized into high [>400 normalized reads per kilobase of transcript per million mapped reads (nRPKM)], medium (50 to 400 nRPKM), and low (<50 nRPKM) HER2-expressing cells (Fig. 3B ). Cell lines with differential HER2 expression were chosen, and cytotoxicity of the TDBs was studied at two doses. The in vitro activity of monovalent high-affinity HER2 TDB has been previously reported to saturate at a concentration of ~10 ng/ml (23) . At a high TDB dose (50 ng/ml), no clear correlation was seen between T cell activation and HER2 expression for the 4D5-WT IgG TDB (Fig. 3C, bottom) . In notable contrast, T cell activation was induced only in the cell lines with the highest HER2 expression when 4D5-H91A 1Fab-IgG TDB was used. In agreement with these data, target cell killing was limited to high HER2 cell lines with the 4D5-H91A 1Fab-IgG TDB molecule, whereas 4D5-WT IgG TDB was broadly active and even induced killing of the low HER2-expressing cells (Fig. 3C) . The TDB activity was lower at a concentration of 50 g/ml compared to a concentration of 50 ng/ml, suggesting that saturating concentration has been reached and that 4D5-H91A 1Fab-IgG TDB will likely not induce killing of low HER2-expressing cells even at higher concentration. The reduction in activity with supratherapeutic doses is likely due to a high-dose hook effect (33) . Considering that the 50 ng/ml dose of 4D5-WT IgG TDB induced T cell activation and killing of low HER2 cells, whereas 50 g/ml of 4D5-H91A 1Fab-IgG TDB did not affect viability of low HER2-expressing cells, the selectivity to HER2-overexpressing cells was improved at least 1000-fold. We also tested the activity in human noncancer cell lines derived from multiple tissues such as lung, skin, and breast ( fig. S4 ). Low HER2 expression was confirmed in all tested noncancerous cells by flow cytometry. 4D5-H91A 1Fab-IgG demonstrated no apoptotic activity against any of the seven tested cell lines at concentrations ≤5 g/ml. Next, we investigated the threshold of HER2 expression that is required for the activity of 4D5-H91A 1Fab-IgG TDB (Fig. 4) . Robust killing activity was detected on all cell lines expressing HER2 RNA ≥489 nRPKM (Fig. 4A) . Minimal activity was detected on cell lines that expressed HER2 RNA ≤260 nRPKM. We further measured cell surface copy number of HER2 using a quantitative flow cytometry-based assay (Fig. 4A and fig. S5 ). None of the cells that express <200,000 HER2 per cell were sensitive to 1Fab-IgG TDB, whereas all cell lines with >200,000 HER2 were readily killed by the 1Fab-IgG TDB. An intracellular pool of HER2 protein detectable by Western blot, but not by flow cytometry, may explain the high Western blot signal detected in OE-33 cells (Fig. 4A) . The activity was further benchmarked to HER2 diagnostic tests that are clinically validated and used for patient selection. Substantial killing activity by 4D5-H91A 1Fab-IgG TDB was only seen in immunohistochemistry (IHC) 3+, fluorescence in situ hybridization (FISH) + cell lines (Fig. 4, B and C) .
The results demonstrate that the in vitro potency of the 4D5-H91A 1Fab-IgG TDB is similar to that of monovalent high-affinity HER2 TDB in killing of high HER2-expressing cell lines. However, 1Fab-IgG had no detectable activity on any tested low HER2-expressing cell lines, suggesting that it is selective for HER2-overexpressing cells.
4D5-H91A 1Fab-IgG TDB improves in vivo selectivity for HER2-overexpressing tumors
We evaluated the translation of selectivity to in vivo tumor models. The activity of the 4D5-H91A 1Fab-IgG TDB and 4D5-WT IgG TDB was compared in HER2 high and low tumor models. NOD SCID gamma (NSG) mice supplemented with human peripheral blood mononuclear cells (PBMCs) were grafted with either HER2-amplified KPL4 tumors or HT55 tumors, which express about the same amount of HER2 as MCF7 ( fig. S6A ). HT55 tumors were used to model in vivo on-target activity on cells/tissues that express a similar quantity of HER2 to normal human tissues. As expected, 4D5-H91A 1Fab-IgG TDB has potent activity in killing the HER2-amplified KPL4 cells in vitro but did not induce HT55 killing (fig. S6B) . The 4D5-H91A 1Fab-IgG TDB induced regressions after a single dose of antibody (0.5 or 5 mg/kg; Fig. 5A ), whereas the 4D5-WT IgG TDB induced regressions already at a dose of 0.05 mg/kg, indicating that the 4D5-H91A 1Fab-IgG TDB is ~10-fold less active in vivo. As expected from our in vitro results, reduced activity was observed in treatment of HT55 tumors (Fig. 5B) . Monovalent high-affinity HER2 TDB induced HT55 tumor regressions at a single dose of 0.1 mg/kg. The 4D5-H91A 1Fab-IgG TDB did not have any antitumor activity in the treatment of HT55 tumors at doses up to 50 mg/kg (Fig. 5B) . No higher doses were tested. In summary, these results demonstrate that both molecules are highly potent in the treatment of HER2-overexpressing tumors and support a widened therapeutic index for the 4D5-H91A 1Fab-IgG TDB, which selectively targets HER2-overexpressing cells. TDB in vivo selectivity to HER2-overexpressing tumors was improved greater than 100-fold. 5 and fig. S8 ). In vitro activity assays were extended by treating multiple cell lines expressing high, medium, or low amounts of HER2 ( fig. S9 ) with a high concentration of the 1Fab-IgG variants (50 ng/ml). Responses of the cell lines were generally similar between both molecules [P = not significant (NS); fig.  S7B ]. The potency of the D98A.F100A.Y102V variant appeared to be slightly higher compared to the H91A variant, but the difference was not significant. The length of the linker sequence between the anti-HER2 Fabs in the heavy chain may affect the protease resistance and stability as well as binding geometry, flexibility, and spatial reach of bivalent HER2 binding. We tested the effect of two alternative linker sequences in the anti-HER2 Fabs. All molecules in previous figures included the extended linker sequence (DKTHTGGGGSGG), consisting of the natural DKTHT sequence derived from the upper IgG1 hinge of the distal Fab (34), followed by a GGGGSGG extension. The extended linker sequence was compared to a 1Fab-IgG molecule without the GGGGSGG extension (fig. S10A ). The impact of the linkers was only tested in the H91A variant 1Fab-IgG context. No difference was seen in binding to SKBR3 or MCF7 cells ( fig. S10A) . In vitro dose response in SKBR3 killing as well as a broader cell line activity screen demonstrated near-identical activity between the variants (P = NS; fig. S10 ). In summary, our data demonstrate that 1Fab-IgG TDBs that include anti-HER2 Fabs with monovalent affinities ranging from K D 23 to 49 nM display very similar activity profiles. Varying the linker sequence between anti-HER2 Fabs had no effect on the activity or selectivity profile.
Monovalent HER2 affinity
High dose of 4D5-H91A 1Fab-IgG TDB does not result in HER2-independent T cell activation
Fc receptor (FcR) binding has been attenuated in the TDBs by N297G substitution in the Fc region, which reduces relative binding affinity of human IgG1 to all human FcR by more than 500-to 1000-fold (35) . To confirm that TDBs do not induce target-independent T cell activation at high concentration, we used a Jurkat reporter cell line (Fig. 6A) . A robust signal was detected when reporter cells were stimulated with TDB in the presence of HER2-expressing cells. Neither 4D5-WT IgG TDB nor 4D5-H91A 1Fab-IgG TDB activated T cells in the absence of HER2. Next, we spiked high concentration of TDB into human PBMCs (Fig. 6B) . Bivalent anti-CD3 (OKT3) induced T cell activation at a concentration of ≥10 ng/ml, whereas no T cell activation was detected at a concentration of 100 g/ml. Last, we repeated the experiment using purified FcRI-positive monocytes ( fig. S11 ) in the absence of human IgG and without evidence of target-independent T cell activation mediated by Fc interactions. Together, these results indicate that neither TDB format induces HER2-independent T cell activation at high concentrations.
4D5-H91A 1Fab-IgG TDB has limited pharmacological activity in cynos and is well tolerated up to 20 mg/kg Cyno tissues express low amounts of HER2, similar to normal human tissues. 4D5-H91A 1Fab-IgG TDB binds to cyno and human CD3 with comparable affinity ( fig. S1A ) and to cyno HER2-expressing cells with similar apparent affinity compared to MCF7 (fig. S2A ). We demonstrated that as expected, 4D5-H91A 1Fab-IgG TDB does not induce apoptosis of cells that express low-moderate quantity of cyno HER2 (fig. S2, B and C) . To test the tolerability of 4D5-H91A 1Fab-IgG TDB, we designed a single-dose tolerability study to analyze the pharmacodynamic (PD) activity and pharmacokinetics (PK) in cyno. Female monkeys were dosed with slow intravenous infusion at doses of 3 mg/kg (n = 3) and 20 mg/kg (n = 5). Tolerability/PK/PD readouts included clinical observations, clinical chemistry, hematology, cytokines, and PK. Histopathology was not included in the analysis. No or minimal test article-related changes were detected in clinical observations (body weight, heart rate, temperature, and respiratory rate). Typical TDB-associated pharmacological and clinical pathology responses (6, 9, 12, 21) were notably absent (Fig. 6C) . C-reactive protein (CRP; an acute-phase reactant and a marker for inflammation) remained at the background. No lymphocyte margination, increase of liver enzymes [alanine aminotransferase (ALT) and aspartate aminotransferase (AST)], or elevation of peripheral blood cytokines was detected despite the high TDB dose. Together, 4D5-H91A 1Fab-IgG TDB was well tolerated at high doses and demonstrated limited pharmacological activity in cyno. TDB exposure was confirmed for both doses tested, and PK characteristics were as expected (Fig. 6D ). Exposures were close to doseproportional and maintained until the last evaluated time point (14 days). To confirm that the TDB is not inactivated in cyno, we recovered aliquots of serum from samples harvested 7 and 14 days after dosing with TDB (20 mg/kg) and used serum dilutions to mediate killing of SKBR3 cells in vitro using healthy donor human T cells (Fig. 6E) . Measured TDB serum concentrations in undiluted samples were 193 and 65 g/ml for day 7 and day 14 samples, respectively. One hundredfold dilution of serum 14 days after dosing induced similar SKBR3 killing compared to maximal activity achieved in a parallel killing assay using fresh TDB at a high concentration of 1 g/ml (Fig. 6E) , which is typically sufficient to saturate activity (23) . Together, these data suggest that the low HER2 expression in normal cyno tissues is not sufficient to trigger T cell activation or off-tumor T cell activity in normal tissues that express low amounts of HER2.
DISCUSSION
Several anti-CD3 bispecific antibodies or antibody fragment-based molecules are in clinical development, and clinical proof of concept has been established by blinatumomab in hematological malignancies (6) . In contrast, clinical efficacy and safety in the treatment of solid tumors remain unclear. Multiple aspects elevate the bar to success in solid tumor indications, most notable of which is the lack of "clean" tumor-restricted antigens. We have previously generated a highly efficacious anti-HER2/CD3 TDB that demonstrated robust potency in HER2-overexpressing tumor models (23) . The therapeutic index of the molecule is based on differential sensitivity to the TDB, correlating with the HER2 expression on tumor cells. Despite the established positive preclinical therapeutic index at high concentrations, the high-affinity anti-HER2/CD3 TDB can trigger T cells to attack cells that express lower amounts of HER2, indicating a risk for on-target off-tumor adverse effects. Therapeutics with similar mechanisms of action (CD3 bispecific antibodies and CAR T cells), none of which have been approved for clinical use, have illustrated the apparent risk of redirecting T cell activity to HER2-positive tumors when tested in clinical trials (24, 25) . In addition to on-target toxicities on HER2-expressing tissues, some of the toxicities detected in the trials may be related to cytokine release. For example, ertumaxomab includes a functional Fc, which may result in HER2-independent immune cell activation. In the current study, our goal was to mitigate this risk by generating a TDB that would be able to redirect T cells selectively to HER2-overexpressing cancer cells while sparing the normal tissues.
A simple adjustment of HER2 affinity shifted the activity of HER2 TDB but was not sufficient to improve selectivity for overexpressing cells. In several preclinical reports, optimization of tumor antigen binding ("affinity tuning") of CAR T cells has been demonstrated to result in selectivity to high tumor antigen density. Lowering the CAR binding affinity for EGFR, HER2, and CD38 demonstrated reduced risk of on-target off-tumor adverse effects and may therefore be an appropriate mitigation strategy for targets that are overexpressed by tumor cells (36) (37) (38) . This improved therapeutic index by affinity tuning was likely mediated by the multivalent display of the CAR on T cells. However, it is not clear whether the interaction of two CARs is sufficient for the avidity-based interaction between the T cell and the tumor cell or the interaction of multiple CAR molecules is required. In the case of HER2 TDB, HER2 affinity adjustment combined with gain of avidity resulted in increased preclinical therapeutic index.
In the case of trastuzumab, a substantial 75-to 160-fold affinity reduction was needed to generate the 1Fab-IgG molecule with selectivity to HER2-overexpressing cells. In the cellular context, avidity of 1Fab-IgG enhanced binding to overexpressing cells by 10-fold (5 nM), whereas very low binding was detected to low HER2-expressing cells. Overall, the window of opportunity was fairly restricted, with optimal affinity ranging between K D 25 and 50 nM. Molecules with lower affinity lost substantial amounts of activity, and molecules with higher affinity failed to gain selectivity advantage. The optimal affinity range is likely dependent on multiple variables, including target copy number and biology. Thus, translation of our findings to another solid tumor antigen will require exploring best affinities de novo. In addition, the geometry of the molecule and locations of different binding modules are also likely to play a role in generating a molecule with optimal binding and activity profile.
Similar to our results, valence of HER2 binding has been shown not to be sufficient to affect selectivity without appropriately tuning the monovalent affinities (39) . A related concept exploiting "cross-arm binding efficiency" is to increase tumor selectivity by targeting two different tumor antigens (40) . In this model, binding of the bispecific antibody to the second receptor is enhanced after it binds to the first receptor, causing an increase in apparent affinity to tumor cells. The therapeutic index in this strategy is based on lack of simultaneous expression of the two tumor targets in normal cells. The two-target approach has been tested preclinically using several target pairs (41) (42) (43) .
A very high HER2 expression (HER2 IHC3+, ISH+) was required for the avidity effect and TDB-mediated killing. As a result, patient selection and the optimal target patient population for anti-HER2/ CD3 1Fab-IgG will likely be similar to other HER2-targeted therapies including trastuzumab and ado-trastuzumab emtansine. The very high expression threshold for HER2 implies that molecules with less stringent selectivity profile (23) may be able to capture a larger patient population if tolerated at therapeutic doses. The requirement for high target expression also raises the question of how broadly applicable the avidity-based selectivity strategy can be for other tumor antigens beyond HER2. Furthermore, HER2 amplification is a distinct driver event in tumors, which is not a common feature for tumor antigens. The mechanism of action of anti-HER2/CD3 1Fab-IgG TDB is independent of HER2 signaling (in contrast to trastuzumab), and HER2 pathway activation status should not influence the activity of the molecule.
Despite our findings, we acknowledge limitations in our study that should be considered when interpreting the data. The avidity hypothesis was tested only using a single tumor target with a very large dynamic range in expression. Translation to other tumor antigens may therefore require substantial optimization of the parameters depending on the target biology. In addition, lack of species crossreactivity of the antibodies generates limitations to in vivo model systems used in our study. Optimally, preclinical therapeutic index would be determined using a model with both safety and efficacy readout in the same individual, but this is not currently available. In addition, human PBMC-supplemented NSG mice may not optimally recapitulate the immune contexture of human tumors.
In summary, to mitigate potential on-target off-tumor adverse effects of HER2 TDB, we developed anti-HER2/CD3 1Fab-IgG TDB that retains potent antitumor activity and has very low binding to low HER2-expressing cells ( fig. S12 ). Anti-HER2/CD3 1Fab-IgG TDB induces CRs in treatment of HER2-amplified tumors at a dose of 0.5 mg/kg and is well tolerated in cynos at a dose of 20 mg/kg. In notable contrast, HER2-targeting therapeutics with similar mechanisms of action (CD3 bispecifics and CAR T cells) tested in clinical trials have demonstrated toxicities at alarmingly low doses. Trastuzumab-based CAR T cells trial ended quickly in grade 5 (lethal) lung toxicity (25) . Clinical trials of ertumaxomab, a HER2/CD3 TDB, defined 300 g flat dose as the maximum tolerated dose when using dose escalation (24) . If administered to a 70-kg person, the tolerated dose is 0.004 mg/kg [4600-fold lower compared to the dose that was well tolerated in our study (20 mg/kg)]. In conclusion, these results support clinical development of the anti-HER2/CD3 1Fab-IgG TDB.
MATERIALS AND METHODS
Study design
The main objective of this study was to design and optimize an anti-HER2/CD3 TDB that selectively targets HER2-overexpressing tumor cells with high potency, while sparing cells that express low amounts of HER2 found in normal human tissues. Improved selectivity was demonstrated by treating cell lines in vitro and tumor xenografts in rodents. Tolerability of the TDB was demonstrated in primate studies. In vitro studies were based on one to three biological repeats, as specified in the figure legends. For in vivo efficacy studies, 8 to 10 mice were randomized to each treatment group. For ethical reasons, group sizes in primate studies were limited to n = 3 to 5.
Statistics
Welch's t test was used to test for differences between groups. Results were determined to be significant at P < 0.05. Statistical analyses were performed using GraphPad Prism version 7.
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